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Layered van der Waals (vdW) materials are
emerging as one of the most versatile direc-
tions in the field of quantum condensed matter
physics. They allow an unprecedented control
of electronic properties via stacking of different
types of two-dimensional (2D) materials [1, 2]
and, moreover, by tuning the relative angle be-
tween them[3, 4]. A fascinating frontier, largely
unexplored, is the stacking of strongly-correlated
phases of matter in vdW materials. Here, we
study 4Hb-TaS2, which naturally realizes an al-
ternating stacking of a Mott insulator, recently
reported as a gapless spin-liquid candidate(1T-
TaS2)[5, 6], and a 2D superconductor compet-
ing with charge-density wave order (1H-TaS2)[7].
This raises the question of how these two compo-
nents affect each other. We find a superconduct-
ing ground state with a transition temperature of
2.7K, which is significantly elevated compared to
the 2H polytype (Tc=0.7K). Strikingly, the su-
perconducting state exhibits signatures of time-
reversal-symmetry breaking abruptly appearing
at the superconducting transition, which can be
naturally explained by a chiral superconducting
state.
Chiral superconductors (SCs) have received much at-
tention in recent years as a promising platform for host-
ing Majorana bound states in the vortex cores or at sam-
ple edges due to the topological nature of their ground
states [8, 9]. In 2D, chiral superconductors are character-
ized by a Chern number. The Majorana bound states are
predicted to possess non-Abelian statistics, which makes
them candidates for performing fault-tolerant quantum
computations [10]. The order parameter of these chiral
states break time-reversal symmetry (TRS), which man-
ifests itself at edges and defects [11] and can be detected
with probes such as muon spin relaxation and polar Kerr
effect.
Of all the known superconductors, only few exhibit sig-
natures of TRS breaking, and even fewer are candidates
for this elusive chiral phase. The best known among them
are the spin-triplet superconductors Sr2RuO4, believed
to be of p + ip symmetry [12] and UPt3 [13], a poten-
tial f + if superconductor, as well as the spin-singlet
heavy-fermion superconductors URu2Si2 [14] and SrPtAs
[15, 16], which were suggested to be of d+ id symmetry.
Open questions remain, however, in all cases [17, 18].
In this work, we show evidence for chiral superconduc-
tivity in the transition-metal dichalcogenide (TMD) 4Hb-
TaS2. We show that this polymorph of TaS2 is a super-
conductor with a relatively high Tc, anomalous transport
properties and that it exhibits a spontaneous appearance
of magnetic moments with the onset of superconductiv-
ity.
4Hb-TaS2 belongs to the P63/mmc hexagonal space
group, with a unit cell that consists of alternating layers
of 1H-TaS2 (half of 2H-TaS2) and 1T-TaS2, see Fig. 1(a).
The overall crystal is inversion symmetric, with the in-
version point lying in the center of the 1T layer. The
weak interlayer coupling allows to describe 4Hb-TaS2 as
a stack of 2D monolayers: 1H-TaSS with a locally broken
inversion symmetry giving rise to antisymmetric spin-
orbit coupling (ASOC) and 1T-TaS2 that is known as
a Mott insulator that fails to order magnetically [19].
Recently, it was proposed that the ground state of 1T-
TaS2 is a gapless quantum spin liquid [5, 6, 20]. Thus,
4Hb-TaS2 is a system in which superconducting layers
naturally sit in proximity to layers that possess strong
spin-fluctuations. Consequently, it realizes a unique het-
erostructure of strongly correlated phases with drasti-
cally different ground states albeit having the exact same
chemical composition and almost the same structure.
4Hb-TaS2 was first synthesized by Di Salvo et al [21].
The transport data can be described as a mixture of 1T
and 2H, with metallic conductivity in the ab plane and
semiconducting conductivity along the c axis. The in-
plane resistivity was shown to be three orders of magni-
tude smaller than the out-of-plane resistivity. This “mix-
ture” of 1T and 2H is also visible in the X-ray photo-
electron spectroscopy spectrum of the Ta 4f core-levels,
which displays three peaks - two from the ‘1T’ layer and
one from the ‘1H’ layer [22]. (Supplementary Fig. S2)
We have grown single crystals of 4Hb-TaS2−xSex with
about 1% of Se, using a standard chemical vapor trans-
port method [21]. The small amount of Se stabilizes the
4Hb structure. Details about the sample preparation pro-
cess and the structure characterization are given in the
supplementary material.
The electronic dispersion along the Γ − M direction
was measured using angle-resolved photoemission spec-
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FIG. 1. (a) Three-dimensional schematic drawing of a unit
cell of 4Hb-TaS2 showing the alternate stacking of octahedral
(T) and trigonal prismatic (H) layers. A top view of 1H and
1T layers are shown in (b) and (c) respectively. The top view
of the 1H layer displays the in-plane broken mirror symme-
try.(d) An ARPES detector image obtained at T=15 K using
72 eV photon energy, reveals the electronic band structure
along the Γ −M direction. (e) A Fermi surface mapping at
the same conditions. The band structure is a combination of
2H-TaS2 and CDW reconstructed 1T-TaS2 which was rigidly
shifted towards the Fermi level (horizontal white dashed line
in (d).
troscopy (ARPES), and is presented in Fig 1(d). The
band structure is a mixture of the band structure of 2H-
TaS2, with its two electron pockets centered at ∼ k =
±0.77A˚−1, and of the band structure of 1T-TaS2. In-
terestingly, the 1T part of the band structure is recon-
structed by the well known
√
13 × √13 charge density
wave (CDW) but it is shifted towards the Fermi level
leaving no spectral gap.
An ARPES intensity map at EF is shown in Fig. 1(e)
. The intensity map reveals that within the alternate-
stacking layered crystal, every layer retains its original
electronic dispersion. The Fermi surface is a mixture
of the three-fold symmetric Fermi surface of 2H-TaS2
with its familiar dog-bone shaped pockets around the
M points, and the six-fold reconstructed 1T-TaS2 bands
which were shifted towards the Fermi level.
Figure 2(a) shows Ces, the electronic part of the spe-
cific heat after the removal of the phonon contribution,
as a function of the temperature (For details, see sup-
plementary material). The transition into a supercon-
ducting state below Tc=2.7K is clearly seen both in
specific heat and resistance measurements (see inset of
Fig. 2(a)). The exponential behavior at low temper-
atures and the good agreement with an s-wave model
(solid line in Fig. 2(a)) indicates that the system is fully-
gapped. Using the fit to a BCS model we extract a gap
of ∆min0 = 0.4 ± 0.05 meV. This value is in good agree-
ment with the transverse field muon spin rotation (µSR)
results shown in the supplementary material.
To characterize the anisotropy of the superconducting
state we performed magneto-transport measurements. In
Fig. 2(b) we show the critical field, Hc2, as a function of
the angle θ, between the applied field and the ab plane
(θ = 0 denotes field aligned in the plane), measured
at T=30mK. The magneto-resistance exhibits strong
anisotropy, with H
‖
c2/H
⊥
c2 > 17, reflecting the quasi-2D
nature of superconductivity in 4Hb-TaS2. This picture
is further supported by the temperature dependence of
H
‖
c2 shown in Fig. 2(c). Here, we observe an unusual lin-
ear dependance of the in-plane critical field throughout
the entire range of temperature, similar to other uncon-
ventional superconductors [23]. We note that, while the
parallel field exceeds the Clogston-Chandrasekhar limit,
the linear dependence suggests that the Zeeman field re-
quired to align the Cooper-pair spins is much greater. On
the other hand, if we interpret H
‖
c2 as an orbitally limited
field within an anisotropic Ginzburg-Landau theory, we
arrive at an out-of-plane coherence length of ξc = 9.8A˚.
This length is comparable to the interlayer spacing of
1H layers. Comparing ξc with the in-plane coherence
length estimated from H⊥c , ξab = 185.6 A˚, we conclude
that 4Hb-TaS2 is essentially a stack of weakly coupled
two-dimensional superconductors.
The main result of the paper is evidence for time-
reversal-symmetry breaking in the superconducting state
from muon spin relaxation (µSR) measurement. In the
absence of magnetic order, the muon depolarization is
a result of the randomly oriented static nuclear dipole
moments and is described by the static Gaussian Kubo-
Toyabe function [24]
Gz(t) =
1
3
+
2
3
(1− σ2t2)exp(−1
2
σ2t2), (1)
where σ/γµ is the local field distribution width and γµ is
the muon gyromagnetic ratio. The nuclear field distribu-
tion is temperature independent.
In Fig. 3, we show the temperature dependence of the
muon depolarization rate in the absence of a magnetic
field. We find an abrupt increase of the rate at T = Tc.
This is a clear indication of a spontaneous appearance
of magnetic moments in the sample due to the super-
conducting state. In the inset of Fig. 3, we present two
representative ZF-µSR spectra, above and below Tc at
6 K and 0.05 K. Based on the increase in σ we estimate
the width of the randomly oriented magnetic field in the
sample to be ∼ 0.12G.
A natural explanation for the signature of TRS break-
ing is chiral superconductivity. In such a state, magnetic
moments are expected to appear due to local variations
in the chiral order parameter resulting, for example, from
edges or defects in the sample [11]. While there are other
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FIG. 2. (a) The electronic contribution to the heat capacity
Ces is plotted as function of T. Below Tc the data is in agree-
ment with a fully-gapped s-wave model. The inset displays
the resistance (R) as a function of temperature measured us-
ing 4-probe on the ab plane. R decreases monotonically until
it sharply drops to zero at Tc '2.7 K. (b) The angular de-
pendence of HC2 shows a large anisotropy with a factor of
18 between the in-plane and out-of-plane critical magnetic
fields. (c) Hc2 as a function of temperature with H being
aligned in-plane (blue) and out-of-plane (red) directions. For
convenience, Hc2⊥ is multiplied by 10. While Hc2⊥ saturates
at low temperatures, Hc2‖ remains linear down to 30 mK and
up to 18 T. Hc2‖ exceeds the BCS Pauli limit (marked by
purple dashed line) by a factor of 4.
scenarios that can account for signatures of TRS breaking
within a superconducting phase, notably combinations of
nearly-degenerate symmetry-distinct order parameters or
frustrated interband Cooper-pair scattering, these gener-
ically happen not at Tc, but at a distinct lower tempera-
ture [15]. Thus, the most probable picture emerging from
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FIG. 3. Zero-field muon-spin relaxation results (ZF-µSR). A
sudden increase in the muon relaxation rate, σ, is observed at
Tc (marked by the vertical line), marking the onset of time-
reversal symmetry breaking. The dashed line is a guide to
the eye. The inset shows two ZF-µSR spectra at two different
temperatures, above and below Tc. The black lines are best
fits to Eq. 1.
the data is that of a quasi-two-dimensional fully-gapped
chiral superconductor.
Chiral superconductivity is only allowed for a multi-
component gap function, in other words when the order
parameter belongs to a higher-dimensional irreducible
representation of the point-group symmetry. The sym-
metry classification of irreducible representations in the
three-dimensional space group (No. 194) was derived in
Ref. [25]. For the sake of simplicity, we discuss here a
single 1H layer with point group symmetry D3h. Then,
there is only one two-dimensional irreducible represen-
tation, referred to as E. Due to the three-fold rotation
symmetry of a single layer, representations with equal an-
gular momentum modulo 3 are identified. Therefore, the
superconducting order parameters relevant for our situ-
ation are combinations of p + ip-wave and d + id-wave
order parameters. On a lattice, the SC order parameter
in this representation can be written as
∆E(k) = ∆0[α ekσ
0 + (1− α)okσz]iσy, (2)
where ek =
∑3
j=1 ω
jcos(k·T j) and ok =
∑3
j=1 ω
−jsin(k·
T j) are the d-wave and p-wave basis functions in the D3h
point group. Here, we have chosen only one chirality, in
other words, only Cooper pairs with positive orbital an-
gular momentum, while their negative counterparts are
given by complex conjugation. The vectors ±T j point
to the six nearest neighbors on the triangular Ta lattice,
ω = exp(2pii/3), and the parameter α is a non-universal
weight, which quantifies the mixing of the d-wave and
p-wave components. Finally, σ0 and σi denote the iden-
tity and Pauli matrices. Note that due to the alternate
stacking of the 1H layers, the relative phase of the order
parameters in Eq.(2) changes from layer to layer [25].
4Chiral superconductivity belongs to class D of the ten-
fold classification scheme of topological states [26], which
is trivial in three dimensions, but allows for a Z invariant
in two dimensions. Given the anisotropic Fermi sur-
faces observed in ARPES, the highly anisotropic trans-
port properties, and the magnetic response, we consider
the system as a stack of 2D chiral superconductors. That
is, we compute the Chern number independently from
the crystal momentum along z. Using the tight-binding
model for TaS2 up to the third nearest neighbor hop-
ping [27–29], we compute the 2D Chern number within a
BdG Hamiltonian as a function of α, allowing us to inter-
polate between the pure d− and p-wave pairing channels.
First, we note that each one of the two non-degenerate
spin bands contribute to the total Chern density. The
phase of the superconducting order parameter Eq. (2)
is presented in Fig. 4.(a) and (b) for the extreme cases
α = 0 (purely d-wave) and α = 1 (purely p-wave), respec-
tively. Considering only one of the two relevant bands
(they contribute equally), we compute the Chern num-
ber. We find C = 0 in the limit of α = 0, while for α = 1
it is C = −3. The interpolation between these two points
is plotted in Fig. 4. (c) [30]. Note that the data points
were computed numerically (not rounded to an integer)
using the full BdG band structure with a mesh grid of
9.5×104 equally spaced points. Overall, we find that the
Chern number of the Chiral state is highly sensitive to
the mixing ratio α. A challenging experimental goal is
thus to measure a quantized thermal Hall conductance
in this system.
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FIG. 4. (a) and (b) show the phase of the gap functions ek
and ok, respectively, superimposed on the Fermi surface of
1H-TaS2. (c) The corresponding Chern number as a function
of the mixing parameter α appearing in Eq. (2). Note that
the values presented here were computed numerically and are
not rounded to an integer.
An interesting question regards the microscopic origin
of chiral superconductivity. Phonon mediated interac-
tions typically favor s-wave superconductivity. Uncon-
ventional pairing is expected only if strong local repul-
sion, which reduces the attraction in the s-wave channel,
is present [31]. On the other hand, an attractive interac-
tion mediated by spin-fluctuations naturally prefers non
s-wave superconductivity. From this perspective, it is in-
teresting to understand, whether the proximity between
the superconductor in the 1H layers and the Mott insu-
lating state in the 1T layers is an essential ingredient.
Our ARPES data in Fig. 1 (e) suggest the possibility
that the Mott insulator is lightly doped due to the stack-
ing structure, resulting in strong spin fluctuations. Elec-
tronic pairing mediated by spin fluctuations in a quantum
spin ice has been studied in Ref.[32] for the case of a ro-
tationally symmetric Fermi surface. There, the authors
found that the strongest pairing channel is odd-parity
with the possibility of a multi-component order parame-
ter, consistent with the chiral superconductor found here.
The results presented here, thus, raise a host of theo-
retical questions regarding the interaction between su-
perconductivity, charged, and neutral itinerant fermionic
excitations, which invite further study.
To summarize, we have studied 4Hb-TaS2, which con-
sists of stacked layers of 1H-TaS2 that show large ASCO
and 1T-TaS22, a doped Mott insulator with potentially
strong spin dynamics. Thus, it naturally realizes a unique
structure of stacked, two-dimensional strongly-correlated
phases: a Mott insulator proposed to be a gapless spin-
liquid and a two-dimensional superconductor. However,
unique to this case, the two layers consist of the same
chemical compound with only small difference in crys-
tal structure. Our data suggest that the combination
of these two ingredients leads to chiral superconductiv-
ity. Thus, the relatively high Tc ' 2.7K, its quasi-2D
structure, the ability to grow very clean samples and the
ease in which large single crystals can be grown makes
this a promising platform for future study and applica-
tions. Furthermore, it is also opens new directions in the
study of topological superconductivity using vdW het-
erostrucutres.
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